The significance and extent of band-tail states in the luminescence and dosimetry properties of natural aluminosilicates (feldspars) is investigated by means of studies using low temperature (10 K) irradiation and optically stimulated luminescence (OSL) stimulation spectroscopy, and thermoluminescence (TL) in the range 10-200 K, made in comparison with high temperature (300 K) irradiation and photo-transferred OSL and TL investigations undertaken at low temperature. These measurements allow mappings of the band-tails to be made; they are found to be ∼0.4 eV in extent in the typical materials studied. Furthermore, by populating charge trapping centres at high temperature (300 K) and monitoring the OSL stimulation spectra at temperatures in the range 10-300 K, clear evidence is presented for the presence of both thermally activated and non-thermally activated OSL processes; it is argued that the former result from thermally activated hopping through the band-tail states, whilst the latter are due to tunnelling processes, either from the excited state of the OSL centres or through the tail states. The spectral measurements are supported by analysis of the temporal dependence of the OSL signals, which correspond to either tunnelling or general order kinetic decay processes.
Introduction
Feldspars are wide band-gap aluminosilicates (E g ∼ 7.7 eV; Malins et al 2004) which occur ubiquitously in nature. Owing to the presence of energetically deep-lying defects within the band-gaps that have the capability to trap and store charge over time, they have long been considered as potential materials for retrospective dosimetry applications such as geological optical dating (e.g. Aitken 1998 ). However, in most feldspars, quantum-mechanical tunnelling between electron and hole trapping centres leads to the loss of what would normally be regarded as thermally time-stable charge (Wintle 1973, Huntley and Lamothe 2001) and this greatly complicates reliable dosimetry measurements: in such applications, the use of quartz (if available, and which has a similar band-gap energy E g ∼ 8.7 eV; Itoh et al 1989) is nearly always the preferred mineral of choice due to the substantially improved time-stability of the trapped charge. On the plus side, feldspars do tend to have much higher radiation saturation thresholds than quartz (offering the possibilities of dating older materials), and in certain applications-such as potential in situ dating of Martian sediments (e.g. McKeever et al 2003) , there may be no quartz present and so feldspars may represent the only suitable natural dosimeters available. In order to progress the optical dating of feldspars, there is therefore a clear need to understand why tunnelling charge loss occurs in these materials, or at the very least provide effective diagnosis of the fading (charge loss) problem.
Unlike crystalline quartz, which has a rigid lattice framework and well-defined electronic energy structure, the feldspars have much more open lattice networks, resulting in a significantly relaxed range of bonding angles (Megaw 1974) . Also unlike quartz, one of the main optically active defects that is ubiquitously present in the minerals-and that can be used for optical dating-is known to have at least one excited state that can be probed with infra-red light (e.g. Hütt et al 1988 , Clark and Sanderson 1994 , Barnett and Bailiff 1997 , Poolton et al 1995a , Baril and Huntley 2003 . If promoted to these Figure 1 . Basic concepts of the feldspar traps and band-tails discussed in the paper. (a) Fluctuations in bonding angle throughout the crystal structure generate localized shallow states below the high mobility conduction band edge E c that can trap electrons at low temperature: as the wavefunction, ψ(r ), of these electrons extend beyond the well boundaries, this allows tunnelling between the states without accessing the high mobility edge. (b) The states form a continuum, whose density is usually exponentially variable with energy below E c : the width of this Urbach tail is defined as E U . (c) The additional presence of a specific defect trap in feldspars that possesses an excited state below E c means that optically stimulated luminescence can be probed photo-thermally via the state; if the excited state is embedded in the band-tails, then recombination can be either thermally activated (hopping amongst the band-tails) or non-thermal (tunnelling either between the band-tails, or directly to the recombination centre).
excited states, trapped electrons can proceed to recombine at hole trapping centres, causing the emission of optically stimulated luminescence (OSL or, in the infra-red range, IRSL) on which the dating method relies; essentially, the older the material, the more trapped charge, and thus the brighter the signal. Previously, we have argued that, theoretically, the bonding angle variations, and the presence of the excited defect states should combine to explain many observed complex features of the photo-thermal dependence of charge mobility and luminescence in feldspars (Poolton et al 2002) . It was argued that different bonding angles would result in localized states within the band-gap, and a continuum of angle variations would result in a continuum of ('band-tail') states, extending both below the high mobility edge of the conduction band, and above the valence band. Furthermore, the excited state of the optically active defect would normally be expected to reside within this band-tail, allowing transport out of the centre, without actually gaining enough energy to access the high mobility conduction band edge. It was proposed that this could have ramifications for dosimetry, including the increased possibility of direct tunnelling to nearby centres from the excited state. The concepts of the band-tails and the photothermal transitions are summarized in figure 1.
Despite the theoretical models that predict the presence of band-tails and the possibility for excited-state tunnelling processes, there has hitherto been little direct experimentally derived evidence to prove their existence, and thus their importance in the luminescence dosimetry of feldspars has remained elusive. The main reason for this is that, in order to probe and characterize the effects decisively, radiation dosimetry measurements would need to be undertaken in the especially crucial temperature range 10-70 K, rather than from 300 to 600 K that is mostly commonly referred to in the literature (and summarized by Bøtter-Jensen et al 2003) or in the more easily accessible 140-300 K range Barnett 1994, Rieser et al 1997) ; in fact, we are aware of only a single instance of thermoluminescence having previously been undertaken from 10 to 100 K in feldspars by Visocekas et al (1998) . The purpose of this paper is therefore to undertake a survey of low temperature OSL and TL measurements in representative feldspars for which the results can be definitively linked with those predicted theoretically concerning the involvement of band-tail states and excitedstate tunnelling process.
Experimental details
The experimental arrangement used is such as to allow x-ray excitation, optical stimulation and luminescence detection at all temperatures from 10 to 300 K. The kit assembled to do this is essentially the same as that described by Poolton et al (2009) and, briefly, is comprised of a variable temperature closedcycle cryostat (Advanced Research Systems, DE202NB: 10-350 K) with multiple x-ray and optical ports. The x-ray source is a 2 kW Philips PW2273/20 x-ray tube with copper target, producing both bremsstrahlung radiation (limited to a maximum of 30 keV in this experiment) and Cu Kα at 8 keV. Between the source and the cryostat x-ray window (aluminized mylar, 100 μm thick) is an air gap, into which a computercontrolled x-ray shutter is installed (Uniblitz XRS25); this has a full-aperture switching speed of 10 ms and, with platinum/iridium blades, effectively blocks x-rays with energy below 30 keV. Just after the divergent x-ray source, and just prior to the cryostat x-ray window are steel apertures that act as collimators and restrict the x-ray excitation area of the sample to about 2 mm 2 . Based on the manufacturer's specifications, the total x-ray power received at the sample would be approximately 70 μW cm −2 .
Wavelength-resolved OSL stimulation spectra were achieved by means of a 19 cm Jobin-Yvon Triax scanning spectrometer coupled to a white light broadband source (20 W tungsten halogen lamp); monochromatic excitation densities at the sample were limited to between 60 and 90 μW cm −2 , Figure 2 . OSL stimulation spectra in K and Na feldspars, for materials irradiated at 300 K but measured in the temperature range 10-300 K. Solid lines show the fitted curves to the data, which comprise both resonant and non-resonant (continuum) signals.
depending on wavelength in the range 635-1200 nm (1-1.95 eV); the stimulation spectra have been corrected for this variation in power density. Such low power densities result in minimal fractional charge loss during each OSL excitation scan. For OSL time-decay measurements, the monochromator slits can be widened to realize 2-4 times the flux. The inclusion of a 610 nm long pass filter prevents stimulation with second order (higher energy) photons, up to 1200 nm (primary wavelength). OSL is detected via a blue/green sensitive photomultiplier with bialkali photocathode response operating in photoncounting mode, and filtered with 6 mm of Schott UG11 colour glass, which provides an optical detection window between 300 and 380 nm.
The individual samples used were cleaved museum specimens of single crystal feldspars (typical dimensions 2 mm × 2 mm × 1 mm), and are chosen to be both representative of their genre, and demonstrate the range of physical effects discussed. They are; NaAlSi 3 O 8 (sodium feldspar, albite; reference R27), and KAlSi 3 O 8 (potassium feldspar, orthoclase; reference R28). Previous complimentary high temperature measurements have been undertaken on these particular samples, and further mineralogical information can be found in Poolton et al (1995a Poolton et al ( , 1995b : it should be noted that R12 in these references is equivalent to R27 used here.
Results and discussion

Probing excited-state photo-thermal and tunnelling processes
Following x-irradiation at room temperature and a subsequent 20 min delay to allow any phosphorescence to decay, the optical stimulation spectra for the OSL in both R27 and R28 (15 and 50 min x-ray exposure, respectively) are presented in figure 2 , as a function of temperature in the range 10-300 K, and stimulation range 1-1.95 eV. At 300 K, the spectra are comprised of a number of resonances, superimposed on a rising continuum: the latter is considered explicitly in the following section; here we are concerned only with the resonances themselves.
In the case of NaAlSi 3 O 8 (sample R27), the spectrum is fitted to two overlapping Gaussian transitions, the dominant peaking at 1.444 eV (FWHM, 0.21 eV) with a secondary minor peak at 1.61 eV (FWHM, 0.12 eV). For the KAlSi 3 O 8 (sample R28), three overlapping Gaussian transitions were observed, peaking at 1.46 eV (FWHM, 0.12 eV), 1.56 eV (FWHM, 0.26 eV) and a third, weaker resonance appearing at 1.24 eV (FWHM, 0.09 eV).
These OSL stimulation features are typical of those commonly found in both Na and K feldspars, with almost identical resonances having been reported in a number of different cases. For example, Baril and Huntley (2003) found transitions at 1.44 and 1.58 eV in a number of Na feldspars (more precise figures are given for the individual samples), and at 1.44 and 1.54 eV in K-rich materials-together with a third weaker transition occurring at ∼1.35 eV. Barnett and Bailiff (1997) found transitions at 1.455 and 1.595 eV in Na feldspars, and at typically 1.45 and 1.54 eV in a number of K feldspars (again, more precise figures are given for individual samples). The linewidths of these various transitions are also very similar to those measured in the present work. These aspects combine to indicate that samples R27 and R28 being studied in this work are truly representative of Na and K feldspars, respectively.
On cooling the samples below 300 K, there are small systematic shifts in the energy positions and linewidths of some of the peaks, the latter being quite obvious in figure 2(b) from the resolved transition in R28 at 1.24 eV, between 300 and 200 K. The linewidth and energy position shifts however are regarded as being second order effects, and not explicitly considered further in this work. The most relevant consideration regards the integrated intensities of the identified spectral components, and the temperature variable Arrhenius plots for these are presented in figure 3 for both R27 and R28. Note that OSL involves both excitation and recombination of charge, and both processes may contribute to any thermal dependence of the overall OSL signals. However, the efficiency of the excitation part of the cycle is the main concern of the present work, not the efficiency of luminescence within the recombination centre; the latter can readily be examined by monitoring the intensity of the x-ray generated luminescence as a function of temperature, and the data shown in figure 3 have been corrected for this efficiency change. This figure therefore monitors only the thermal dependence of the OSL excitation process and contains two sets of crucial information; between 100 and 300 K, the transitions display thermally activated process, leading to the thermo-optically stimulated charge-carrier depopulation process indicated schematically in figure 1(c). For NaAlSi 3 O 8 , thermal activation energies of 0.04 and 0.03 eV (both ±0.01 eV) are determined for the 1.44 eV and 1.61 eV transitions, respectively. In the case of KAlSi 3 O 8 , thermal activation energies of 0.11 eV, 0.11 eV and 0.10 eV (all ±0.01 eV) are determined for the 1.46 eV, 1.56 eV and 1.24 eV optical transitions respectively. Thermal activation energies in K feldspar of between 0.1 and 0.2 eV have been previously reported for OSL excitation at ∼1.4 eV in the temperature range 140-500 K, with some sample-to-sample variation, and dependence of the temperature window of study (e.g. Bailiff and Barnett 1994 , Poolton et al 1995b , Rieser et al 1997 and so the values measured here appear typical.
The new piece of information to derive from the present work concerns what happens to these transitions below 100 K; this is most clearly identified in R27, with the continued presence of strong resonant transitions observable even to 10 K. These low temperature IRSL signals cannot be associated with the classical view of a photo-thermal process. Indeed, the Arrhenius plots in figure 3(a) show unequivocally that both transitions have a second non-thermal component, with 0.00 eV activation energy. (Free fitting the two Arrhenius plots in the range 10-80 K yields apparent thermal activation energies of 0.0005 eV, but this is within the context of ±0.005 eV experimental error.) The resonant transitions are too weak to be observed in the KAlSi 3 O 8 sample at 10 K, but the 1.46 eV signal is intense enough to indicate that there is also a non-thermal component active, with the integrated signal intensity below 100 K deviating strongly on the Arrhenius plot, from the thermally activated process in the range 100-300 K. . OSL time-decay curves for the NaAlSi 3 O 8 sample; the photon energy used is 1.46 eV. In each case, irradiation has been undertaken at 300 K, but the OSL is undertaken at either 10 or 300 K. The time-decay functions in each case are entirely different, and are fitted (continuous lines) to general order kinetics (equation (1)) at 300 K, or that of a tunnelling process (equation (2)) at 10 K. System parameters are given in the text.
Two possible mechanisms will be explored that can explain the transition from thermally active to thermally inactive OSL as the sample temperature is reduced, both of which are quantum mechanically based. The least likely of these involves consideration of the inherent zero-point energy, and will be considered in section 3.2. However, we consider that the most obvious explanation of a nonthermal infra-red resonant transition in the feldspars is a direct luminescent tunnelling process from the electron trapping centre's excited state to the recombination centre. If this is the case, the dynamics of the thermally assisted and nonthermal (tunnelling) OSL would be expected to be radically different. In the case of R27 (NaAlSi 3 O 8 ) this difference is exemplified by the OSL time-decay curves shown in figure 4 ; here the excitation energy is set close to the peak of the main IR resonance (1.46 eV), but the measurement is taken at either 10 K (where the non-thermal photo-activated processes dominant) or 300 K (where the photo-thermal processes dominate). At 300 K, the time-dependent OSL decay follows the general order kinetics equation:
where OSL(0) is the OSL intensity on activation of the stimulation light at t = 0, α is a parameter that includes information on the initial charge population, capture cross section and intensity of the excitation light, fitted here to 0.0024, whilst β is a parameter that contains information regarding the order of the kinetics, and generally lies between 1 and 2: here it is fitted to 1.16. For measurements taken at 10 K, there are no parameters in which the OSL time-decay could be fitted to this equation, and we conclude the OSL does not follow the form of equation (1). However, if this non-thermal OSL emission is indeed a tunnelling process, the function OSL(t) should be indicative of the remnant trapped charge population; this situation has been explored by both Huntley (2006) and Kars et al (2008) , for the case of ground-state tunnelling processes, but the processes would be equally applicable for tunnelling from excited states, where the stimulation flux that allows excitation of charge from the ground to the excited state is kept constant. As such, the OSL would be expected to follow the form:
Here γ and η are system constants and, for a process involving the ground state, relate to the density of defects and the attempt-to-escape frequency factor of the trapped charge respectively. Tunnelling from an optically excited state of the defect would be expected to follow a similar form, but where the values of the constants change. These changes reflect the rate of excitation from the ground-to-excited state, and the time spent in the excited state (both contributing to η) and the difference in apparent density of defects due to a different spatial volume occupied by an electron (γ ). The data in figure 4 taken at 10 K indicates that this function provides a satisfactory fit to the available data, with the fitting constants being γ = 0.0037 and η = 0.148 s −1 . For comparison with tunnelling from the ground state, η is typically in the region of 10 15 s −1 ; most of this difference can potentially be accounted for by the excitation flux (at 1.4 eV) of ∼3 × 10 14 photons s −1 cm −2 ; the relaxation time-constant from the excited state is unknown at present.
Optically probing the band-tail states from the OSL defect ground state
For OSL transitions from the ground state of an electron trapping centre (of depth E d ) to the conduction band in a pristine material containing no band-tail states, the excitation energy dependence of the luminescence efficiency, OSL(E) will be dominated by the density of states in the conduction band and, where this is parabolic, is generally expected to follow the form:
Here, φ is a constant that depends on which model for trapping is used (e.g. see Bøtter-Jensen et al 2003) , but the crucial point is that there should be a clear threshold for the commencement of OSL stimulation from the traps at E d . The optical trap depth E d has never been determined accurately in feldspars. Using thermal bleaching of the OSL signals, the traps have been affirmatively associated with common timestable TL traps appearing between 570 and 700 K (see Hütt et al 1988 , Bailiff and Poolton 1991 , Duller and Wintle 1991 and these would have thermal depths of between ∼1.6 and 1.8 eV (Strickertsson 1985) . Based on a configurationalcoordinate model, the optical trap depth will certainly be greater than this. By experimentally examining the rate of OSL decay as a function of stimulation energy, Baril and Huntley (2003) estimated that E d > 2.5 eV. Furthermore, Poolton et al (1995b) showed that 2.5 eV is also the photon energy in which the thermal activation energy of OSL reaches a watershed, being constant above this photon energy, and increasing below it. Conversely, based partly on theoretical models, Hütt et al (1988) and Poolton et al (1995a Poolton et al ( , 1995b considered that E d would be either ∼2.5 eV or 2 eV, respectively. For the purposes of this work, the exact value is not of relevance, except to note that from all previous evidence, it is certain to be >2 eV: potentially, it is the band-tails themselves as assessed in this work that probably causes difficulty in obtaining an accurate value for E d . As such, a direct defect ionization processes that accesses the high mobility conduction band (equation (3)) cannot therefore explain the rising non-resonant OSL response with energy shown in figure 2. Previously, we argued that such continua are more typical of that expected for a continuum of band-tail states and as such, if the luminescence efficiency directly follows their density of states, the energy dependence would be expected to be of the form:
Here, E is the width of the band-tail states accessible from the ground state of the OSL defect. (Note that E is not necessarily the same as the width of the Urbach tail, as the ground state could, in principle, lie embedded within the Urbach tail-in which case, there would be further states below the OSL ground state that are inaccessible.) The rising continua in figure 2 are shown to fit this equation well and the thermal dependence of both the OSL intensity (at 1.9 eV stimulation energy) and of E are given in figure 5 . 4 The intensity of the signals follow very closely the temperature dependence of the resonances, and the Arrhenius plots would again suggest both a thermally active and a non-thermally activated process to the OSL. For R27 and R28, the Arrhenius plots yield activation energies of 0.033 eV and 0.065 eV respectively (and both yielding 0.000 eV at temperatures below 50 K). As seen from figure 5(b), between 300 and 100 K, the width of the accessible trapping states changes from 0.30 to 0.16 eV for R28, and between 0.12 and 0.09 eV for R27: below 100 K, the widths are invariant with temperature.
The temperature dependence of the OSL intensity of the continua can be explained in terms of excitation from the OSL defect ground state, directly to the band-tail states, from where thermally activated hopping allows transport to the recombination sites; at very low temperatures, however, where this hopping mechanism is essentially frozen out, luminescence can still proceed via tail-to-tail (or tail-torecombination site) tunnelling processes, which would be non-thermal. Whilst we believe this to be the most likely explanation, an alternative does exist-and therefore needs to be considered. In the original work of Urbach (1953) concerning tail states probed by near-band-edge optical absorption in silver halides, the parameter E (which in this case constitutes the full Urbach tails) was shown to be thermally dependent, following a Boltzmann distribution law. However, in a number of materials, this Boltzmann distribution breaks down at low temperatures, and a more complex expression is needed. It has been argued that the model needs to take into account the zero-point energy of the lattice (e.g. see Mahr 1962 , Akimoto et al 1996 : in so doing the temperature dependence of the OSL at any given (fixed) excitation energy would be expected to follow the form
where k is the Boltzmann constant, σ 0 a constant characteristic of the material and E ph the average energy of the phonons that contribute to the Urbach tail. The hyperbolic function enables the asymptotic approach to the zero-point energy as the sample temperature is reduced. As shown in figure 6 (for the case of NaAlSi 3 O 8 sample R27) such a function can very well account for the temperature dependence of both the resonant and non-resonant OSL transition over the whole temperature range 10-300 K. However, the reason that this Figure 6 . As demonstrated for the NaAlSi 3 O 8 sample, the temperature dependence of the integrated 1.44 eV resonance, and intensity of the continuum OSL excitation spectra (for sample irradiation at 300 K) can be accounted for over the full range 10-300 K (solid lines) if equation (5) is used, which accounts for zero-point energy fluctuations. The form is similar to the transition between thermal and non-thermal processes shown in figure 3.
mechanism is unlikely resides in the values of E ph obtained from the fitting (20 meV and 16 meV for the continuum and 1.44 eV resonant transitions, respectively). These energies are far too small to account for the main lattice phonons. As summarized by Salje (1993) , weak vibrational features in the 10-25 meV (80-200 cm −1 ) energy range are found for (NaK)AlSi 3 O 8 but, as with most other silicate materials, the dominant phonons mainly occur within the range 35-60 meV (300-500 cm −1 ); these latter values correspond directly with the thermal activation energies determined in the preceding section.
Optically and thermally probing band-tail states populated at low temperature
Hitherto, the results described in this paper concern material that has been irradiated at room temperature, and for which OSL measurements have been undertaken at lower temperatures; this ensures that the origin of the trapped electrons are the OSL defects themselves, and the means of charge transfer to the recombination centres (e.g. via the bandtail states) can be probed. However, if such a continuum of band-tail states actually exists, then it would be anticipated that if the material is irradiated at 10 K, charge carriers (both electrons and holes) could become trapped within the continuum of states that lie below the conduction band, and above the valence band. As such, both the energy-resolved OSL stimulation spectra and TL should show broad continua reflecting the density of band-tail states. In the case of the OSL stimulation, figure 7(a) shows precisely this effect for both materials studied, where 10 K is both the irradiation and measurement temperature. The OSL is totally different from that observed with room temperature irradiation and readout, and consists simply of an intense continuum, rising as a function of the excitation energy. It is interpreted in terms of excitation of electrons trapped in the band-tail into the conduction band (well clear of the band edge at these energies), from where they are free to recombine at hole trapping centres. In such a scenario, OSL would be expected to proceed under general order kinetics, as given in equation (1). As shown in figure 7(b) for R27, this is indeed found to be the case, where the parameters α and β are fitted as 0.02 and 1.0 respectively. (Here, the excitation energy was chosen as 1.44 eV-i.e. close to the IRSL resonance-to emphasize the difference in kinetics between IRSL excitation from the band-tails themselves, and from charge located at the deep trapping centres). If the bandtails are taken to be exponential, then to a first approximation, the energy-dependent OSL stimulation spectra should follow the form of equation (6):
where in this case, E U is the true (Urbach) band-tail width. This is only an approximation and is limited in energy range, since clearly charge in the shallowest tails would quickly disperse due to tunnelling transport (and subsequent Figure 7 . Characteristics of OSL in the feldspar samples following irradiation a 10 K. (a) Stimulation spectrum following x-irradiation for both the Na and K sample. Unlike the structured spectra of figure 2, the spectra are simply continua, fitted to exponentials (full curves) that follow equation (5) recombination) thus would not remain populated, even at 10 K. Furthermore, the form needs to take into consideration the energy dependence of the density of states (DOS) of the conduction band proper, which is unknown. However if it does approximate to a parabolic, then within the energy range studied (1-2 eV), the DOS in the true conduction band is unlikely to vary significantly. With these approximations in mind, a substantial portion of the stimulation curves do indeed follow equation (6), with the tail widths E U being determined as 0.32 eV and 0.54 eV in the NaAlSi 3 O 8 and KAlSi 3 O 8 samples, respectively. Reassuringly, these figures are entirely consistent with data we previously measured (but not analysed as such) using synchrotron radiation in the near band edge region of the materials (Poolton et al 2006) : at 10 K, synchrotron photons were used to populate the band-tails, and then 532 nm laser light (2.33 eV) is used in a subsequent OSL read-out (Photo-transferred OSL, PTOSL). The pertinent results are shown in figure 7 (c); analysing this data in the context of the present work, it is clear that up to the band edge E c , the signals can be fitted to the relevant equation
The values derived for the Urbach tails in R27 and R28 from the synchrotron experiments are 0.28 eV and 0.67 eV respectively-essentially the same values as obtained from the low temperature OSL stimulation spectra measured here (0.32 eV and 0.54 eV respectively). Interestingly, these values of E U compare with the values of E obtained at 300 K of 0.12 eV and 0.31 eV respectively for the two materials, indicating that large portions of the tails are being accessed via excitation for the OSL ground state at room temperature.
In corollary with the continua observed in the OSL stimulation spectra, the thermoluminescence curves of both samples ( figure 8(a) ) also display strong, but featureless emission within the temperature range 10-80 K, which we interpret as thermal excitation from charge trapped in the bandtail continuum. Above 80 K, more discrete trapping sites can be observed superimposed on the continuum. Both samples display strong phosphorescence following the cessation of xirradiation at 10 K and, if the TL read-out is delayed, the loss of the trapped charge from the shallowest band-tails can be monitored, as shown if figure 8(b): figure 8(c) indicates this is a direct tunnelling processes, since the time-dependent phosphorescence can be very well fitted to the tunnelling luminescence decay equation given by Delbecq et al (1974) :
where C is a proportionality constant and t 0 is the irradiation time (needed since the initial irradiation is not an instant pulse, so that some pairs that are created early on during the irradiation are already starting to recombine before the irradiation ceases). In the free fit, t 0 = 211, close to the actual value, 240 s. Because there are no peaks that can be fitted to obtain the trapping parameters of individual band-tail states, it is difficult to correlate the depth of a particular state to the temperature at which it induces TL. However, Strickertsson (1985) has previously correlated TL peak position with thermal trap depth in K feldspars for measurements extending above room temperature involving discrete defect levels, and these lie on a continuous curve that would extend to 0 eV at 0 K (see figure 9(a) ). This can only be regarded as a crude analogy, but within this framework, the thermal trap depths sampled in the range 0-100 K would be expected to lie within the energy range 0-0.3 eV, i.e. in the same range as the bandtail widths determined here using OSL excitation spectroscopy. Figure 9 (b) shows the theoretical TL spectra that would ensue from individual tail states that give rise to the continuum, for a range of values 0.05-0.4 eV (assuming first order kinetics, an escape frequency factor of 10 13 s −1 , and ramp rate of 10 K min −1 , as used in this experiment). We have found such TL continua in all feldspar samples measured so far, without exception; the only other previous low temperature work we are aware of is by Visocekas et al (1998) , who observed similar spectral features and also tentatively attributed them to the presence of band-tail states. We also note that similar continua have been reported in other disordered materials (e.g. Kadashchuk et al 1998) .
The final and most definitive proof that charge can be transferred from the OSL centres to the band-tail states is Figure 9 . (a) Plot of the thermal trap depth versus TL peak position for high temperature measurements in K feldspar, extrapolated to 0 K; data from Strickertsson (1985) ; this provides a rough energy calibration for the data given in figure 8(a) . (b) Hypothetical TL peaks (50 meV spacing) calculated for charge released from individual trapping sites within the band-tail continuum, given first order kinetics, a ramp rate of 10 K min −1 , and escape frequency factor s = 10 13 s −1 . Figure 10 . Comparison of the photo-transferred TL from OSL-active sites populated at 300 K (but transferred at 10 K) with the TL trap spectrum of material x-irradiated at 10 K, for the Na feldspar sample R27. The diagram demonstrates that 480 nm photons transfers charge via the high mobility conduction band, as the full energy distribution of band-tail states are populated, whereas 850 nm photons accesses only deeper-lying band-tail states, as only the higher temperature TL traps are populated. The sharp rise in the TL above 260 K results from deep-level traps already populated during 300 K irradiation.
via photo-transferred TL measurements. If the samples are irradiated at 300 K, the OSL centres will become populated, but not the band-tails. If the sample is now reduced in temperature to 10 K and illuminated with light, the final destination of much of that charge will be frozen, but the location can be determined by subsequently undertaking TL between 10 and 300 K. The results of this experiment are shown in figure 10 for the case of R27; here it can clearly be seen that illumination at 480 nm (2.58 eV) populates the full spectrum of trapping states from 10 K (∼0.02 eV) upwards (which would otherwise have been empty), strongly indicating the ionization of the OSL centres via electron transfer through the high mobility conduction band: the spectrum is indistinguishable from that of the sample having been x-irradiated at low temperature. In contrast, illumination in the IR at 850 nm (1.46 eV) only populates TL trapping sites that are depopulated at temperatures greater than 140 K (∼0.4 eV according to figure 9(a) ). This value is important: it implies that if the optical trap depth E d of the OSL centre does lie in the suggested range 2-2.5 eV as discussed in section 3.2, the defect's excited state does lie firmly embedded within the thermally accessible band-tail continuum, implying the timestability of charge located at the defect would be considerably shorter than that expected if the band-tail states did not exist.
Conclusions
The unique set of low temperature experiments undertaken in this work shows conclusively that the previously postulated continuum of band-tail states of naturally occurring aluminosilicate minerals (feldspars) both exist, and play a crucial role in the luminescence and charge transport properties of the materials. The extent of the tails, E U , has been directly determined to be around 0.4 eV in the typical NaAlSi 3 O 8 and KAlSi 3 O 8 materials studied; as such, this means that the excited state of the ubiquitous IRSL dosimetry trapping state lies deeply embedded in this continuum, which allows chargecarrier transport through the lattice via band-tail tunnelling or band-tail hopping when charge is stimulated from the ground, to excited state.
